Relaxation of penile smooth muscle (arterial and trabecular) initiates and maintains penile erection. Relaxation of smooth muscle is viewed as a 'resetting' of contractile machinery by resumption of a precontractile state accomplished by lowering cytosolic Ca þ2 and=or by a decrease in sensitivity of the contractile machinery to Ca þ2 . There are various mechanisms whereby cytosolic Ca þ2 can be reduced and relaxation achieved, but in general, all pathways depend on the accumulation of the nucleotides cyclic adenosine monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP) or activation of K channels with hyperpolarization. Another mechanism, activation of Na þ =K þ adenosine triphosphatase (ATPase) by nitric oxide, has been shown to be involved in relaxation of trabecular smooth muscle. Since Na þ =K þ ATPase is electrogenic, its stimulation would cause hyperpolarization. Hyperpolarization will prevent the opening of voltage-dependent calcium channels. Guanylate cyclase, which catalyzes the conversion of guanosine triphosphate to cGMP, is activated by nitric oxide. cGMP activates protein kinase G, which through multiple phosphorylations facilitates calcium sequestration and reduces the entry of calcium into the cell. Other muscle relaxants act by way of a cAMP-dependent mechanism such as prostaglandin E, vasoactive intestinal polypeptide, and catecholamines (via breceptors). These substances react with membrane receptors coupled to a GS-type protein that stimulates adenylate cyclase, which catalyzes the accumulation of cAMP. International Journal of Impotence Research (2002) 14, Suppl 1, S6-S10. DOI: 10.1038= sj=ijir=3900790
Penile smooth muscle
The smooth muscle of the penis is a key determinant of the hemodynamic events that govern penile erection. Approximately 45% of cavernosal volume is smooth muscle. 1 Regulation of its contractility depends on adequate levels of agonists (neurotransmitters, hormones, and endothelium-derived factors), adequate expression of receptors, integrity of transduction mechanisms, calcium homeostasis, interactions with contractile proteins and intercellular communication between smooth muscle cells (gap junctions). 2 Ultrastructural examination of a smooth muscle cell reveals thin, thick and intermediate filamentous structures. 2 Thin filaments are mainly composed of actin. Thick filaments are formed of myosin. Intermediate filaments contain either desmin or vimentin. Each type of filament has a specific function.
Following phosphorylation of myosin by adenosine triphosphate (ATP), attachments form between the globular heads of a light chain of myosin and actin. These attachments are known as cross-bridges and provide a contractile tone to the smooth muscle. 3 For the maintenance of this tone, there is a near-zero expenditure of energy, in other words, ATP for myosin phosphorylation. This prolonged maintenance of tone has been attributed to the formation of a latch state during which cross-bridges between actin and myosin are dephosphorylated while attached, yet have a more reduced detachment rate than phosphorylated cross-bridges. This state of tone demands a high concentration of cytoplasmic free calcium.
Adequate Ca þ2 homeostasis is required for the regulation of smooth muscle tone. Three different mechanisms are involved: (1) influx of extracellular Ca þ2 through voltage-regulated channels, (2) activation of membrane-bound receptors that allow extracellular Ca þ2 to enter the cell through receptor-operated channels, and (3) activation of specific signaling pathways that rely on intracellular release of Ca þ2 from sarcoplasmic reticulum.
Relaxation of smooth muscle is viewed as a 'resetting' of contractile machinery by the resumption of a precontractile state accomplished by lowering cytosolic Ca þ2 or decreasing the sensitivity of the contractile machinery to Ca þ2 . There are various mechanisms whereby cytosolic Ca þ2 can be reduced and relaxation achieved, but in general, all pathways depend on the accumulation of the cyclic nucleotides cyclic adenosine monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP) or activation of K channels with hyperpolarization of cellular membrane. Recently, activation of Na þ =K þ adenosine triphosphatase (ATPase) by nitric oxide (NO) has been shown to be involved in relaxation of trabecular smooth muscle. 4 Since Na þ =K þ ATPase is electrogenic, its stimulation would cause hyperpolarization. Hyperpolarization will prevent the opening of voltage-dependent calcium channels. 5 Many relaxants or neurotransmitters activate guanylate cyclase, which catalyzes the conversion of guanosine triphosphate (GTP) to cGMP and subsequently triggers relaxation by lowering cytosolic Ca þ2 . This pathway is activated by NO and nitrovasodilators (nitroprusside or nitroglycerine). Other muscle relaxants act by way of a cAMP-dependent mechanism, such as prostaglandin E or vasoactive intestinal polypeptide (VIP). These substances react with membrane receptors coupled to a GS-type G-protein that stimulates adenylate cyclase, which catalyzes the accumulation of cAMP. Other smooth muscle relaxants, such as papaverine, exert their effect through phosphodiesterase inhibition, inducing the accumulation of either cAMP and=or cGMP, depending on their selectivity. 6 
Communication between smooth muscle cells
In a tissue where a scant autonomous innervation exists, the coordination of tissue responses depends to a large extent on intercellular communications through gap junctions. 7 These structures are a diverse group of intercellular channels formed of six homologous membrane-spanning proteins from each cell, known as connexins, that join to provide aqueous intercellular channels and, thus, partial cytoplasmic continuity between adjacent cells. The major protein component of gap junctions in penile smooth cells is connexin 43. 8 The junctions allow the intercellular passage of current carrying ions and second-messenger molecules, such as inositol triphosphate and calcium ions, and are an important pathway for coordination of cellular activation and syncytial smooth muscle responses of penile smooth cells. 9 
Contraction of penile smooth muscle
The contraction of smooth muscle depends on the relatively rapid rise of the intracellular concentration of free calcium. This concentration must be maintained above baseline level for the maintenance of the contractile tone. Several mechanisms are activated, favoring entry of calcium from the extracellular compartment and=or the release of calcium accumulated in intracellular organelles, mainly the sarcoplasmic reticulum.
a-Adrenergic mechanisms
Locally, the detumescence of the erect penis is mediated by adrenergic nerve terminals whose neurotransmitter, norepinephrine, activates adrenergic receptors. Contraction of human penile arteries and trabecular smooth muscle is largely mediated by a 1 -adrenergic receptors. 10, 11 The a 1d and a 1a subtypes are the ones expressed with higher density in the trabecular muscle. 11 The a-adrenergic receptors can also be stimulated by circulating catecholamines (norepinephrine and epinephrine). Contraction mediated by a 2 -receptors depends on the entry of calcium from the extracellular compartment, whereas the activation of a 1 -receptors provokes the release of intracellular calcium, initially, with subsequent extracellular calcium entry for the maintenance of the contractile tone.
Adrenergic stimulation causes vasoconstriction of the penile arteries and contraction of the trabecular muscle, which results in the reduction of the arterial inflow and in the collapse of the lacunar spaces, respectively. The contraction of the trabecular muscle causes decompression of the drainage venules from the cavernous bodies, allowing the venous drainage of the lacunar spaces. Although the role of the adrenergic neuroeffector system as mediator of detumescence of the erect penis has been demonstrated, its role in the maintenance of the penile flaccidity is unclear. An important argument against an a-adrenergic mechanism in the maintenance of the flaccidity of the penis is the observation that the intracavernosal injection of an a-adrenergic receptor blocker, in the absence of other stimuli, does not cause an erection. However, a-adrenergic blockers are effective in prolonging the duration of an already established erection.
The peptide endothelin and some eicosanoids (prostaglandin F 2a , thromboxane A 2 ) are candidates for participation in the maintenance of penile flaccidity. Endothelin 1 is a member of a family of three peptides discovered in 1988. 12 This peptide is a potent constrictor synthesized by the lacunar endothelium and, possibly, by the trabecular muscle itself. 13 Its presence and constrictor activity in human cavernous tissue suggest the participation of this peptide in the regulation of trabecular smooth muscle contractility. It has also been demonstrated that endothelin potentiates the constrictor effects of catecholamines on trabecular smooth muscle. Two receptors for endothelin, ET A and ET B mediate the biological effects of endothelin in vascular tissue. ET A is the principal mediator of the contraction in response to endothelin, whereas ET B prevails in endothelium, mediating an endothelium-dependent vasodilator response. The mechanism of intracellular transduction for both receptors is the activation of the metabolism of inositol phosphate, with release of intracellular calcium and activation of protein kinase C.
Several constrictor prostanoids, including prostaglandin H 2 , prostaglandin F 2a and thromboxane A 2 , are synthesized by the human cavernous tissue. In vitro studies have demonstrated that prostanoids are responsible for the tone and the spontaneous activity of isolated trabecular muscle.
Relaxation of penile smooth muscle
Dilation of the penile arteries (cavernous artery and helicine arteries) is the first event in the development of erection. Its consequence is the increase of blood flow and pressure into the lacunar spaces. Following arterial dilation, the trabecular muscle relaxes, increasing the compliance of the lacunar spaces to its expansion and facilitating the accumulation of blood. The relaxation of the muscle depends on endocrine (circulating substances), paracrine mechanisms (neurogenic and endothelial) and, possibly, autocrine mechanisms (release of vasodilator substances generated in the muscle).
The key role of NO and the cGMP pathway in penile erection
NO is synthesized by the enzyme nitric oxide synthase (NOS). The constitutive forms of NOS, located in nerves (nNOS) and endothelium (eNOS), use the amino acid arginine and molecular oxygen to produce NO and the amino acid citrulline. 14, 15 This reaction requires a series of cofactors, including nicotinamide adenine dinucleotide phosphate, tetrahydrobiopterin and calcium-activated calmodulin. The inducible form of this enzyme, whose expression in cells occurs after the stimulation with cytokines, does not require calcium-activated calmodulin as a cofactor. 16 Although the constitutive isoforms of NOS have been identified in the cavernous body, the presence or the possible physiological role of the inducible form, in this tissue, is yet to be determined.
Unlike many other regulatory substances, such as the classic neurotransmitters (acetylcholine, noradrenaline) or growth factors, NO does not have a specific receptor on the cellular membrane. NO crosses the plasma membrane of the cells, targeting the enzyme guanylate cyclase and producing a conformational change in the molecule that increases its activity. Activated guanylate cyclase catalyzes the conversion of GTP to cGMP. The accumulation of cGMP sets in motion a cascade of events at the intracellular level, which induces a loss of contractile tone. These include the following: hyperpolarization, closure of voltage-activated calcium channels, sequestration of calcium by intracellular organelles, decrease in intracellular calcium and, probably, changes in the affinity of the contractile apparatus for calcium.
Many animal and human experiments demonstrate, in vivo and in vitro, an essential role for NO in the erection of the penis. 15,17 -22 The metabolism of cGMP by phosphodiesterases, specifically phosphodiesterase 5, can be attenuated by the action of phosphodiesterase 5 inhibitors. These agents have been shown to be clinically effective in the treatment of erectile dysfunction (ED). The capacity of these agents to potentiate the NO-cGMP pathway facilitates penile smooth muscle relaxation and thus the initiation and maintenance of erection in impotent men.
The cAMP pathway
VIP in the autonomic nerves, prostaglandin E 1 and E 2 synthesized by the smooth muscle, and neural or circulating catecholamines (norepinephrine and epinephrine) stimulate specific receptors coupled to GS proteins with stimulation of the adenylate cyclase, which catalyzes the formation of cAMP. This is an efficient route for the relaxation of the smooth muscle of the penis, as demonstrated by the erectogenic effect of intracavernosal prostaglandin E 1 administered for the treatment of impotence. It is probable that the coordinated activation of both pathways, cGMP and cAMP, participates in the physiology of erection.
Considerable attention was given to VIP as the possible mediator of erection when the nonadrenergic, noncholinergic neuron neuroeffector system was not yet identified. This was based on the observations that nerve fibers contained VIP in cavernous tissue and that exogenous VIP was a potent relaxant of the smooth muscle of the penis. 23 Furthermore, the intracavernosal administration of VIP caused tumescence and rigid erection in some individuals. 23 A therapy consistent in the intracavernosal administration of VIP combined with an a-adrenoceptor blocker, phentolamine, is under development to treat impotent men.
The discovery of the role of NO diverted the interest from VIP to the new molecule. Recently, the colocalization of VIP and nNOS in nerves within the corpus cavernosum was reported. This has revived once more the concept of cotransmission in this tissue and the interest in VIP. The two molecules, VIP and NO, would induce relaxation in the muscle by two different and potentially synergistic pathways. Selective release of neurotransmitters, depending on the stimulation frequency, has been demonstrated. Thus, for example, NO would be released at low frequencies, whereas the largest release of VIP would occur with high frequencies. The precise physiological role of this modulation in the release of neurotransmitters in erection is not known. VIP receptors in the cavernous body are coupled to GS proteins that stimulate the catalytic activity of adenylate cyclase with formation of cAMP.
Prostaglandin E 1 and E 2 are the most abundant prostanoids synthesized by the smooth muscle of the penis. Endogenous prostanoids probably participate in the regulation of penile smooth muscle contractility. The receptor that mediates relaxation to prostaglandin E is the EP receptor. The specific subtype of the four that exist in the EP family has not been determined. The EP 2 and EP 4 subtypes are the most likely candidates, since they are coupled to GS proteins, which stimulate adenylate cyclase. In penile arteries, relaxation of smooth muscle to prostaglandin E occurs by way of IP receptors.
Finally, the stimulation by catecholamines of badrenergic receptors causes relaxation of arterial and trabecular smooth muscle. The b 2 subtype is probably the most important receptor mediating these effects. 11, 24 Adrenaline has a high affinity for this receptor, whose stimulation counteracts in part the constrictor effects, mediated by b-adrenergic receptors, of this catecholamine. There is evidence in the vascular system that the expression of b 2 -adrenergic receptors decreases with age; therefore, in the erectile tissue, progressively, the constrictor mechanisms (a-adrenergic) would prevail.
Relaxation through hyperpolarization of the smooth muscle cells
One of the mechanisms by which the cyclic nucleotides induce relaxation of the smooth muscle is through the opening of potassium channels, hyperpolarizing the cell. This effect on K þ channels can be provoked by the cAMP-dependent protein kinase, by the cGMP-dependent protein kinase, or by cGMP itself. The activation of potassium channels (of the 'maxi-K þ ' type) by the action of the prostaglandin E 1 , an effect mediated by cAMP, has been demonstrated. 25 It has also been demonstrated that relaxation of penile arteries is inhibited, in part, on blocking of calcium-dependent K þ channels. Hyperpolarization causes the closure of voltagedependent calcium channels, therefore reducing the calcium entry from the extracellular compartment, with decrease in the concentration of intracellular free calcium and subsequent relaxation of the muscle.
Independently of this mechanism, provoked by the action of the cyclic nucleotides, it has been proposed, in arteries, that NO can stimulate directly the opening of potassium channels and the sodium potassium ATPase (the sodium pump). This last mechanism has been demonstrated in the trabecular muscle. 26 The sodium potassium ATPase pump is electrogenic because it extracts three positive charges from the cell and introduces only two. Therefore, the cell hyperpolarizes, initiating the same mechanisms of closure of calcium channels described after the activation of K þ channels. This process represents, therefore, a mechanism for relaxation that does not depend on cyclic nucleotides.
